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Abstract

This report is principally concerned with or work on the physics of
transport in two dimensional systems. We show that the logarithmic
corrections to the conductance of Si inversion layers arise from both
interaction and localization effects. Application of a magnetic field
suppresses localization and enhances the role of interactions. At
certain values of magnetic field both effects can be present, but with
a different stability against increasing temperature. Consequently,
heating the electron gas with an electric field allows the observation
of a transition between them. Decreasing elastic scattering decreases
the magnetic field required to suppress localization, as the enhancement
of the interaction effect arises from spin a clear separation is obtained
between the mechanisms.

The electron-electron scattering rate has been investigated and
it is found that quantum corrections produce a deviation from the
Landau-Baber T2 law. We have also proposed the dependence of the conduct-
ance on a universal length.
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Similar experiments are reported on GaAs and further work on the
conductance oscillations is described. Standard commercial GaAs FET's
exhibit the oscillations but the clear periodicity is not always present,
possibly this is related to the "dirtiness"™ of the system.
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Introduction

This report is the final technical report of this particular
grant. During its term extensive progress was made in understanding
two dimensional transport. The conductance oscillations were found
and it was shown that ballistic injection into semiconductors was a
very useful method of investigating phonons and inelastic scattering
in semiconductors. It was also shown that spin dependent recombination :
could be applied to gate controlled Si p-n junctions and the g
value of the centres was determined.

In this, the final report of the present grant, most attention
1s devoted to the problem of logarithmic corrections in two
dimensional transport; essentially, the physics of this problem is
now understood very well. :

Localisation in Two Dimensional Systems 1

diffusion does not occur in two dimensions (2D). It was initially
suggested by Abrahams et al.l that all states in two dimensions are
weakly localised. (The quantum analogy of Polya'52 theorem (1921}, {
that a random walker in two dimensions will always return to the t
origin as the system size is increased). The conclusion of Abrahams

et al. has since been reached by other theorists3r*, 1In the weak
scattering limit it is suggested that the conductance of a 2D system
is given by

We have investigated the validity of theorems claiming that true ;

e2a

=0, 13n &n(L/8) . (1)
Here 9 is the normal conductance, net/m (v is the mean free time for
scattering and m is the effective mass), a is a constant having a value
of unity or half depending on the extent of spin scattering. L is the
system size which is the specimen length at absolute zero, and at
finite temperatures is the distance an electron diffuses before being
scattered into another state. The inelastic scattering which is
responsible for this process is electron-electron scattering which at
low temperatures dominates over electron-phonon scattering. L can be
defined as L = (40 £gy) " where £ and L7y are the elastic and inelastic
mean free paths' respectively, £ = VpT where Vp is the Fermi velocity.

As L will vary as Tp, where T is the temperature and p an
appropriate power (p = 2 according to Landau-Baber theory) the
conductivity correction becomes

ezu
ﬁ £n T . (2)

Another theory which predicts a logarithmic temperature dependence was
proposed by Altshuler, Aronov and Lee5:®, These authors had
incorporated the effects of elastic scattering, and broadening of the
electron energy, into Fermi liquid theory. They find a conductance
correction, ¢, given by

2
e
o= vy (2 -2F)8n T (3)

where F is a factor arising from screening which is near unity for low




values of carrier concentration and tends to zero as the carrier
concentration increases. Thus, if F is zero and ap = 1, there is

no difference between the predictions of the two theories, equations
3 and 2. However, the theories of the magneto-resistance and Hall
effect indicate that here the behaviour will be very different in the
two cases®/6,7. It is suggested that in the localization regime the
Hall mobility will have the same temperature dependence as the
conductance, 1.e. decreasing logarithmically with temperature. On
the other hand, for the interaction regime theory predicts that the
Hall constant Ry varies as

EEE = - 28g (4)

RH o
i.e. the carrier concentration decreases at twice the rate of the
conductance, implying a Hall mobility which increases logarithmically
as the temperature decreases. 1In the localisation regime the effect
of a magnetic field is to decrease the scale length of the system,
reducing the conductance correction and giving a negative magneto-
resistance. Initially then it was thought that there was no magneto-
resistance in the interaction recime, but this conclusion was
subsequently modified.

The first experimental results on inversion layers and metal
films indicated the existence of the logarithmic correction, but it
was not clear which mechanism was responsible. The paper of Uren,
Davies and Pepper showed that both mechanisms were present, the
abstract of this paper is now reproduced.

"The observation of interaction and localisation effects in
a two dimensional electron gas at low temperature",
- M.J. Uren, R.A. Davies and M. Pepper, J. Phys. Cl3, L985, 1980,

Abstract

We have investigated the logarithmic regime of transport of
the two dimensional electron gas in the Si inversion layer between
.O5K and 1K. There was little band tailing in the specimens used, and
it was possible to achieve the kg ~l1 condition at carrier concentra-
tions as low as ~2.10!% m™2., The behaviour of the conductance and Hall
effect suggest that in the presence of a magnetic field the logarithmic
corrections are caused by the electron-electron interaction. In
particular, we confirm the prediction of this theory that the Hall
coefficient varies at twice the rate of the resistance. However, at
zero, or low values of, magnetic field it appears that the transport
behaviour arises fro.a localisation rather than interactions. At
particular values of magnetic field these two mechanisms are both
present, but have a different stability against an increase in temperature.
Consequently, at a constant lattice temperature, it is possible to
observe a transition between them as the electron temperature is
increased with an electric field.

This paper resolved the problem by showing that both theories were
correct, the essential feature of the inversion layer being that
because the values of carrier concentration were low, a1012 cm“z, F
was v 0.9. Consequently, the interaction mechanism was not observed
in the absence of a magnetic field. It was subsequently theoretically
shown that a magnetic field enhanced the interaction effect by converting
(2 - 2F) in equation (3) into (2 - F).




The existence of the logarithmic correction, typically 7% per
decade of temperature, allows the measurement of the electron A
temperature as a function of applied electric field. This is one of
the few methods of finding the electron temperature of a metallic
system. As Anderson and co-workers® have shown, plotting the
dependence of applied electron temperature on electric field allows
the determination of the temperature dependence of the rate of energy
dissipation. This will give the dimensionality of the phonons
emitted by the electrons, It was found that the emission rate 1/t
varied as T_, where T, is the electron temperature. As this
particular temperature dependence is not characteristic of phonons,
it points to the possible existence of tunnelling centres at the
interface. Absorption of energy by these centres will have the ]
observed temperature dependence, the existence of these centres has
also been invoked by other authors to explain hot electron phenomena
at temperatures near 4.2 K.2 ]

IR SR

The effect of a magnetic field is to reduce the logarithmic 4
correction. Physically this effect arises because the magnetic field
introduces a new length scale - the cyclotron length. Essentially
the mixing of states by the magnetic field cuts off the increasing
definition of a state as the inelastic diffusion length increases.
This problem has been considered in detail by Hikami et al.l? ana
Altshuler et al.®, these authors find that in the presence of a
magnetic field, B, the conductance correction, 8o, is given by

2
80 = f%ﬁ (W% + fi/4eB 1y D) + £n(4eBr/n) ] . (5)

Here 1 and 7t are the elastic and inelastic scattering times, D is
the diffusivity of an electron (VFZT, where V., is the Fermi velocity)
and ¢ 1s the Digamma function, also known as the Psi function. The
Digamma function is rather unwieldy and lacks physical expression.
As the localisation is only dependent on the length scales it should
be possible to define a more physical, and composite length. We have
invoked the length L¢ which is given by

Lol = (072 + 172 + 372 41,72 L7
L) etc. are the individual length scales which may be the inelastic
diffusion length, cyclotron length, diffusion length in the presence
of external radiation etc. The results of these considerations were
published in -

"Localisation in disordered two dimensional systems and the
universal dependence on diffusion length", - M. Kaveh,
M.J. Uren, R.A. Davies and M. Pepper, J. Phys. Cl4, L413, 1981.

Abstract

We extend the treatment by Kaveh and Mott of the effect of weak
localisation on the conductivity of disordered two-dimensional systems
to include the effect of magnetic and electric fields on the
localisation. It is shown that the change in conductivity due to the
localisation depends on only one parameter, the diffusion length.

This result holds irrespective of the number of independent mechanisms
which individually correspond to a separate diffusion length. Our
experimental values of the conductivity for different temperatures,
electric fields and different magnetic fields fall on the predicted
universal curve. The derived formulae for the conductivity, when few
mechanisms determine the length scale, are in agreement with our




experimental data, which enables us to identify the individual
diffusion lenghts.

The logarithmic correction due to localisation is a low temperature
effect in Si inversion layers because electron-electron scattering
causes a rapid transition between localised states and, hence, 1Af above b
the helium range of temperature. The normal electron-electron
scattering law which is encountered in metals is that originally
derived by Baber, in which relb « 72, This law arises from scattering
across the Fermi surface, and the T? comes from the product of the
number of electrons which can be scattered varying as T and the
number of states into which they can be scattered also varying as T,

In the presence of impurity scattering, the electronic wavefunction

1s broadened over a range of energy near the Fermi energy. The effect R
of the broadening is to alter the rate of scattering when the change 1
in electron momentum is small. In two dimensions this leads to a

law of the form Tgé = AT? +BT - the quantum law of electron-electron

scattering. 1In three dimensions, the T term is replaced by 13/2, 1
In order to investigate this effect the electron-electron scattering )
rate at low temperatures was found from the temperature dependence of
the negative magneto-resistance,

"Magnetic delocalisation of a two-dimensional electron gas
and the quantum law of electron-electron scattering",

M.J. Uren, R.A. Davies, M. Kaveh and M. Pepper, J. Phys. Cl4,
L395, 1981, _

Abstract

We discuss the effect of a magnetic field on the weak localisation
of a two-dimensional electron gas. It is shown that, due to quantum
corrections the electron-electron relaxation time T, varies with
electron temperature T as r'é = AT + A2T2, in the temperature
range 3 K - 0.1 K. This short Tee Causes a rapid transition between
states which are weakly localised and so reduces the logarithmic
correction to the conductance.

In the previously quoted paper of Uren, Davies and Pepper it was
shown that logarithmic corrections were present which arose from both
localisation and interaction effects. Increasing the magnetic field
suppressed localisation and enhanced interactions, but a logarithmic
correction was always present. Increasing the mean free path for
elastic scattering increases the diffusion length and so the
localisation will be suppressed by a lower values of magnetic field.
As the magnetic enhancement of the interaction effect arises from a
spin effect, the magnetic field dependence of this mechanism should
be unaffected.ll Applying a parallel magnetic field should enhance
the interaction effect without affecting localisation, thus the
additive combination of the two will result.

These effects were explored in the following paper -
"Magnetic separation of localisation and interaction effects in
a two-dimensional electron gas at low temperatures", R.A. Davies,

M.J. Uren and M. Pepper, J. Phys. Cl4, L531, 1981l.

Absi ract

We show that by "~ app’ ution of a magnetic field it is possible




to achieve complete separation of localisation and interaction
mechanisms in two dimensions. Measurements of the conductance of
silicon inversion layers show that, at certain values of magnetic
field, 1t is also possible to achieve metallic conduction near 50 mK.
It is also shown that the appearance of the interac~tion mechanism is
not strongly dependent on the direction of the magnetic field,
implying that the origin of the effect is in electron spin rather
than cyclotron orbit motion. The implications for the quantised Hall
resistor are discussed.

The implications for the gquantised Hall resistor!? are clear.
The localisation correction is suppressed by a magnetic field and
interactions do not affect Oyy® Thus, unless second order effects
in localisation are insensitive_to B, the quantisation of Oxy is
unafffected.

This type of study of two dimensional transport has been extended
to the two dimensional gas in GaAs at the interface between
undoped GaAs and doped GaAfAs. It is known that in these structures
electrons in the GaAfas fall into the GaAs and form a degenerate,
two dimensional, electron gas at the interface of the two materials.
Structures grown by Molecular Beam Epitaxy show very high values of
electron mobility.13 The samples used in our experiments were grown
by liquid phase epitaxy and showed values of mobility, about
2.10" cm? volt™! sec”l. The specimens were not gated and the carrier
concentration was v1.4 1012 cm 2, It was found that both localisation
and interaction effects were present, this latter effect being
greater than in Si because of the greater 2D screening distance, and
smaller values of F, in GaAs. Application of a magnetic field suppresses
localisation and allows clear observation of the interaction mechanism.
The electron-electron scattering rate was measured and found to
deviate from the Landau-Baber T? law. Measurement of the rate of
energy dissipation indicated that the phonons emitted by hot electrons
were two dimensional, possibly an interfacial mode. This work was
published in the following paper -

"The observation of localisation and interaction effects in
the two-dimensional electron gas of a GaAs-GaAlAs hetero-junction at
low temperatures", D.A. Poole, 1. Pepper and R.W. Glew, J. Phys. Cl4, L995, 1981,

Abstract

We have investigated the logarithmic correction to the transport
properties of the two-dimensional electron gas at the (modulation-
doped) GaAs-GaAfAs interface in the temperature range 4.2 - 0.34 K.
GaAs is different to Si in that, due to the low density of states,
the electron screening length is greater. This allows the
existence of a significant logarithmic correction from the electron-
electron interaction in the absence of a magnetic field. The
experimental results are consistent with the co-existence of
localisation and interactioneffects although the analysis is
complicated by the occupation of two sub-bands.

We have investigated the electron-electron scattering rate and
find that, as in the Si inversion layer, the temperature dependence
is reduced by quantum corrections. BAnalysis of the rate of cmission
of phonons by hot electrons indicates that the phonons of importance
are two~dimensional.




Conductance Oscillations in Two Dimensional Systems

We have pursued the oscillations found previously in GaAs
structures.!* In the initial experiments it was found that the
minima occurred when the separation between electrons, re, was
given by Nx where N is an integer and x is 110 A. As the
temperature is lowered half and quarter integer minima appear.

The original samples were n on p' structures and the conducting
channel was forced away form the p+ - n interface by the application
of a substrate bias. We have now found that standard commercial
devices show weak -oscillations below V10 K. A number of such

devices have been purchased and we are examining their characteristics.
It often appears that the oscillations are linear with carrier
concentration rather than with the separation of carriers. The

cause of this is not clear but it may be related to the "dirtiness"

of the systems.

Previously we had found that oscillations were produced in the
accumulation regions over the source and drain regions of Si MOSFETS's.!°
In order to determine the relationship between the oscillations and
carrier localization, change was induced in the oxide above an inversion
layer by avalanch injection. After this process it was found that
oscillations appeared in the conductance-gate voltage relation. At
present it has not been possible to ascribe a periodicity to the
oscillations, probably as a result of inhomogeneities. The temperature
dependence of the conductance was measured and was found to be of the
form ¢ = Opi, exp(-W/kT). Here Omine the minimum metallic conductance,
was % 310-5 Q-! and the activation eneray W oscillated as a function
of carrier concentration. The exsitation to the mobility edge, indicates
that the oscillations are not caused by electrons hopping between
peaks in the density of states. Recent theoretical work suggests
that the oscillations arise from electron orderingls, and, if so, this
would agree with the result that the excitation energy is an
oscillating function of carrier concentration. However, final
confirmation must await results on a cleaner inversion layer where a
well defined periodicity is found.
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LETTER TO THE EDITOR

The observation of interaction and localisation effects in a
two-dimensional electron gas at low temperatures

M J Uren. R A Davies and M Pepper
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE

Received -+ September 1980

Abstract. We have investigated the logarithmic regime of transport of the two-dimensional
electron gas in the Si inverston faver between 005K and 1 K. There was hittle band taihing
in the specimens used. and it was possible to achieve the &4, ~ 1 condition at carner
concentrations as fow as ~ 2 < 10'" m™“, The behaviours of the conductance and the Hall
effect suggest that in the presence of a magnetic field the fogarithmic corrections are caused
by electron electron interacuon. In parncular. we confirm the prediction of this theors that
the Hall coefficient varies at twace the rate of the resistance. However, at Jow values of mug-
netic ficld it appears that the transport behaviour anses from locabisation rather than intet-
actions. At particular values of magnete ficld these two mechanisms are both present. but
have a different stability against an increase in temperature. Consequently, at a vonstant
lattice temperature 1t is possible to cbserve a transition between them as the electron tem-
perature is increased with an electric field.

Recently there have been many contributions to the theory of electrical transport in
two-dimensional (2D) systems. Early computer simulations of the 2D transport process
tLicciardello and Thouless 1975) showed that a sharp mobility edge separated extended
and localised states. and that there was a minimum metallic conductance o, with a
value near 01 ¢ (3 x 107° Q7). However, later calculations by these authors
{Licciardello and Thouless 1978) indicated that ¢, decreased with increasing sampie
size. This suggested that. as the sample size went to infinity, o, went to zero. ic. all
states in 2D were localised. On the other hand. simulations by Lee (1979) failed to reveal
this effect and he concluded that extended states. and a 6, near 01 ¢* A, existed in 2D.
All the calculations neglected the effects of the electron-electron interaction.

Abrahams er al (1979) (AALR) developed a one-clectron scaling theory and also
suggested that all electronic states are localised in 2I. These authors propose that when
the sheet conductance o of a system is 0-1 2 h, a transition occurs from strong to weak
localisation. The weak localisation causes o to behave as

0 =0, (xmh)inl n

where o, is the ‘normal’ conductance ne?t'm, xis a constant with values L or 1 and L is
a scaling length. The meaning of L can be obtained by considering the Thouless (1974)
expression for the conductance of a system:

o = e(AE)/h(SE). 1)

Here CAE) is the shift in encrgy of an average level when the boundary condition phase

! 0022-3719/80/330985 + 09 $01.50 © 1980 The Institute of Physics L985
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is changed. and (SEN is the mean separation of adjacent levels, 1t is argued (Anderson
et al 1979) that L. the effective sample size in equation (1), is the manimum diffusion
length allowed before the smallest energy in equation (2) becomes indistinet due to
inclastic scattering. Thus, if the inelastic scattering rate varies with temperature as T?,
L varies as T " and the temperature-dependent logarithmic correction becomes

Ac = (¢*ab2m*h) ln T. (3)

For electron-clectron scattering b = 2, and b = 2. 3 or 4 for tiwo-dimensional and three-
dimensional phonon scattering in the dirty and clean limits respectively. AALR point
out that, on their model. if Ag is erased by clectron heating then a transition between
activated and metallic conduction wiil occur when ¢ = 0-1 e?/h.

Fukuvama (1980a) suggests that equation (1) is not significantly affected by the valley
degeneracy which exists in Si inversion lavers. Abrahams and Ramakrishnan (1979,
1980} and Gorkov et al (1979) have considered the guantum corrections in the im-
purity scattering of non-interacting electrons. They 100 find a logarithmic correction
in the conductance. Haydock {1980) and Houghton et al (1980) have also suggested that
all states in 2D are localised.

An alternative point of view has been proposed by Altshuler er al (1980a). They
maintain that a logarithmic correction is not the result of localisation, but is produced
by the electron-eleciron interaction n the presence of weak impurity scattering. In
the low-frequency limit. they find the temperature-dependent correction is

Ac = (e*4hn° W2 — 2F)In T. (4)
F is determined by screening in the system, and if K, 'K < I, where k. is the Fermi k
vector and K is the inverse 2D screening length,

F ~ 1 = 4k, /aK. )

Fukuyvama (1980b) has also obtained a similar result for interacting electrons.

Altshuler er al {1980b) (AKLL) have suggested that measurement of the Hall effect
enables a distinction to be made between the localisation (AALR) and the interaction
(Altshuler er al 1980a) models. Fukuyama (1980c) showed that the localisation model
requires the Hall mobility to vary with temperature tor electric ficld) in the same manner
as the conductance. i.e. the Hall constant R, docs not change. On the other hand, the
interaction model predicts that the Hall conductance g, is unaffected by the logarithmic
correction in o,,. Thus, as R, = ¢, jo;,, the correction in Ry, AR,,, is (Altshuler et al
1980b)

AR,/R, = - 24Ad’s. (6)

Consequently the Hall mobility increases logarithmically with decreasing temperature.

The interaction model does not predict any magnetoresistance, whercas AKLL
suggest that in the localisation mode) the magnetoresistance is negative and leads to
the suppression of the logarithmic temperature dependence. This conclusion has also
been drawn by Hikami et ai (1980). The criterion for the suppression of the temperature
dependence is that the cyclotron radius is comparable with the inclastic diffusion length.
Below 0-1 K this condition can be achieved with ficlds of a few tens of Gauss.

A method of determining the inelastic scattering mechanism has been presented by
Anderson et al (1979). For a constant lattice temperature, increasing the applied clectric
field E increases the electron temperature, and hence the conductance. If the electron-
phonon relaxation time varies as 77, and if the inelastic scattering mechanism dcter-
mining the behaviour of Ag as a function of temperature at low fields is unaffected by the
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s. It is argued (Anderson field, then the ratio of the change in Ac as a function of In T to the change as a function
the maximum diffusion ol ln Eis 1 + p/2. From simple phase space considerations we would not expect this
comes indistinet due to ' formula to apply if As, as a function of In 7, is determined by electron-clectron scattering.
with temperature as 7°, Here b would not equai 2 and might be expected to become a complicated function of
sorrection becomes E as this increases. In this context we note that it has been suggested that b = 1 for 2D
; electron-electron scattering in the presence of impurity scattering (Abrahams ez al 1980a).
3 I s e ac in thi . .
} The first experimental observation of a In T dependence was in thin metal films
»dimensional and three- (Dolan and Osherofl 1979). A very weak decrease in extended state conductance i Si
spectively. AALR point inversion layers is present in the results of Adkins er al (1976 figure 3). Recent work by
€n a transition between Bishop et al (1980) (BTD) established that the decrease in conductance of Si inversion
L ; layers, for k.., > 1, below 1 K 1s consistent with the proposed In T laws. BTD found
ty affected by the vallev = land b = p = 3: this value of x is too small to be satisfactorily explained by the
d Ramakrishnan (1979, localisation model.
corrections in the im- : A negative magnetoresistance is consistently observed in the logarithmic regime.
logarithmic correction Kawaguchi and Kawaji (1980) have fitte their results to the expression of Hikami et uf
1ave also suggested that " (1980). However, their extraction of an inelastic scattering rate due to electron—clectron
f collisions required the unphysical behaviour of a temperature-dependent x.
tler et al (1980a). They . It is to be noted that in general the changes in ¢ are <10°,. and the variation in T
sation, but is produced ‘ is a factor of 20: 1 K-50 mK. Consequently a logarithmic law cannot be inferred unam-
impurity scattering. In ) biguously: for example, compare this change in Ao to the three orders of magnitude
'rrection is variation necessary for the confirmation of the 2D hopping faw (Mott et al 1975).
) . The experiments reported here were carried out on n-channel silicon gate MOSHE TS

vhere k. is the Fermi k 5 fabricated on the (100) Si surface. The sample size was 230 um x 250 pm and two pairs
. of potential probes were equally spaced along the channel. The threshold voltage of the
devices was adjusted in the positive direction by the implantation of boron acceptors.
) Scattering from these charged acceptors limited the peak mobility at 42K to valucs
less than 065 m* V- ' s™!, depending on the doping. However, of more importance 1o
this work was the fact that there was little band tail localisation ( ~ 24 x 10'® states
m~?). Thus measurements of the logarithmic correction could start at this value of
carrier concentration, considerably lower than in the BTD experiments.

The samples were mounted onto a copper rod and cornected to the mixing chamber
of a dilution refrigerator. The temperatures were in the range 50 mK-1K and were
; measured with acalibrated germanium thermometer. In order to ensure ohmic behaviour

at the lowest temperatures an electric fieid of (10-50) x 1072 Vm ™' was necessary. The

ting electrons.

ment of the Hall effect
-R) and the interaction
the localisation model
id) in the same manner
Jn the other hand. the
cted by the logarithmic
\Ry, is (Altshuler er al

Ch - - r———

rm it eme - a pins - e

—

§ measurements were taken by conventional four-terminal techniques. using lock-in
r methods at low frequency {10 Hz). The samples did not normally show contact resistance,
6) : but the four-terminal technique was used to remove any residual effects.
:creasing temperiture, : We found the well known exp{ T,,; T)}"*> hopping behaviour for sample resistances R .
ance, whereas AKLL greater than 10 k€, a factor of 4 . wer than 10j1.¢°. When R was smaller than 10kQ a
negative and leads to ' weak temperature dependence was found. consistent with 4 logarithmic law. A similar
is conclusion has also behaviour was found as a function of electric field at a constant temperature. Because
on of the temperature : the change in sample resistance in the logarithmic regime was small, the electric fi_ld
lastic diffusion length. dependence of the resistance was investigated by measuring the differential as the e
ns of Gauss. : field was swept. Subsequent integration gave the change in resistance with improved
has been presented by ‘ accuracy.
ng the applied electric . The Hall effect was measured as a function of both clectric field and temperature,
tance. If the electron- The magnetic ficld employed was in the range 0-1-2-5T. The Hall angle was normally less
ing mechanism deter- than 10°, the higher ficlds being used when the mobility was low. Figure 1a) shows the
ds is unaffected by the f behaviour of R, ds a function of E near 50 mK; the differential of 1y, as a function of
t
— — . B T Lhaed T AR S ™A ety R T S T T -
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Figure 1. (a) Percentage changes in resistance R and Hall constant R,, against electric field.
Doping 23 x 102 m *: B=04T; R = 1'7kQ: T = S0mK: N =61 x.10' m"2
thy Differential of the Hall voliage in figure 1(a) against two ranges in electric field. The
break in the upper curve is a transient. The scale on the top refers to the upper tracing.

electric field is shown in figure 1(b). ¥,, is clearly seen to return to classical constant be-
haviour at high electric ficlds, and presumably, high clectron temperature.

The ratio of the proportional change in Hall constant to the proportional change in
resistance 1s shown in figure 2: these results were obtlained with two samples of different
doping. A ratio of 2 is found which persists as the carrier concentration N, | is decreased.
When N, is close to the onset of T ™' * behaviour, a sudden drop in value from 2 to 1
occurs for a change of N, of only 4 x 10'* m~ ? in the lightly doped specimen. The drop
from 2 to 1 is gradual in the more highly doped (lower mobility) sample. The ratio of
2 was found for all ficlds in the range 0-1-2-5 T.
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Figure 2. The ratio of the change in Hall constant 10 the change in resistance is plotted as a
function of resistance. For the low doping device {triangles) B = 04 T. N = 25 x 10'°
m-?for R =75kQ and 29 x 10'* for R = SkQ. This corresponds 10 a field effect
mobility of approximately I m* V- 's ' for N = 27 x 10'S. For the high doping device
varies from 764 x 10'* to 234 x 10'* m ™. Full symbols,
slopes versus E: open symbols. slopes versus T.

(squares) B = 1'3T and N

ns

AR/ R (%)
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The low-temperature resistance was investigated as a function of magnetic field B.
At 85 mK, increasing B caused a progressive decrcase in the slope of the resistance
versus In E relation. However, as B increased, it appeared as if a second logarithmic

001

Figure 3. Percentage changes in the resistance against electric ficld for various magnetic
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i process was becoming operative. This new “high 8 process dominated when E was small, E
and as E increased a clear break between the two processes could be observed. This is !
shown in figure 3. Further increase in B resulted in the “high B process gradually extend- ¢
ing over an increasced range of electric field, until the irst mechanism was not observable.
At 85 mK the disappearance of the first process occurred at ~025T.
When the two mechanisms were weak and of a similar magnitude( ~ 01 T at 85 mK), é
i- it was difficult 1o determine if the change in R _ was logarithmic, with a conscquent 4
error on the slope. The gradients for the two mccﬁzgnisms are plotted n figure 4, and we 1 )
belicve that when the ‘high B process is logarithmic the slope is in fact a constant, '
independent of B. i
]
O
! 3
i j
/s
- 4 :
6 * - [ L, !
z . . |
Bt ' i
© . “
g
24 L }
g . [ {
LS . ! 41
< - P
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2+ . . Turning r 3
I ) !,
]
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1 A 1 “
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Figure 4. Percentage change 1n resistance per decade change in electric field for the same

device-and conditions as in figure 3. The two points at B = 0-131 T correspond to the two
regions shown 1n figure 3 {curve B). Qur separation of the two regimes 1s indicated by the

labelling @, &. :

Unfortunately, our Hall data became ambiguous at those values of B or E required
for the first process to become dominant. It is not possible for us to say whether or not
the ratio of 2 was maintained in this regime,

The temperature dependence of the resistance in the ohmic range was investigated.
In figure 5 we show the temperature dependence for a field of 0-4 T and also when only
a residual field was present, (B < 0-003 T). As we can see, the ‘high B’ process, which is
completely dominant at 0-4 T, only starts when the temperature is reduced to 0-3 K,
whereas the first process (low B) is observed when the temperature is still above 1 K.

The resistance changes per decade of temperature and electric ficlds are shown in ;
figure 6 for a constant magnetic ficld of 1:31 T. The results as a function of electric field
are virtually identical to the zero-field results of BTD. However, the changes in AR/R
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Figure 5. The change ininversion layer resistance against 1g 7. The scale on the right 1s for
Now =29 x 10" m™ 7 B = 04 T. The scale on the feftis for v, = 38 x 10° m ? with
only residual magnetic fields. (N, = 2-3 x 10** m " * for both).

as a function of temperature differ considerably from BTD. Application of the heating
model of Anderson et uf gives a value of xb of ~Tand avalue of pof = 1.
Turning now to a discussion of the results, the ratio of 2 found lor the ratio of the

N tm™?)
2 18 % 9 7 x10°
T —T T

AR/R 1% per decade!

e UNSUDNED WY MUY SN PN SO U |

4} 2 A 6 8
' R, k0l

Figure 6. Change in resistance per decade change in clectric ficld or temperature aganst R
B - 1UT, N wmdicated on the upper scale. ¥ = 18 < 0% m > Open curcles, slope
versus T full circles. slopes versus K.
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proportional changes of R,, and resistance is good evidence for the validity of the inter-
action model. i.e. the “high B” process. It must be born in smund that this s only true for
B = 01 T, as rehable Hall data were not obtained at smaller B. We can therelore com-
pare the magnitude of the logarithmic sfope of the high B’ process with the predictions
of Altshuler o1 ul (1980a). The range of carrier concentration was such that 0076 <
k./K < 0-2:thus the factor F (defined by equation (5)). 15 in the range 075 0-9. Equation
(4) is modified in the presence of a magnetic field, the factor 2 — 2F being replaced by
2 — F (AKLL, Appendix B). Hence the logarithmic correction now becomes

Ao = Cle*/n*h)in T. )

The numerical constant C increcases from 0-56 to 063 {or the values of N, and kg,
used in these experiments. The experimental value of C s 0-77 -+ 0-02, which is in reason-
able agreement with theory, particularly bearing in mind the general uncertainty about
screening. In the absence of a magnetic field C is considerably reduced and this may
account for the absence of these mechanisms at low B. It is to be noted that the value of
C of 077 £ 002 is lower than the value predicted by localisation theory if x = 1, ie.
a long spin flip scattering length, expected in St where the spin-orbit coupling is weak.

As previously pointed out. the application of the heating model to the data of figure 6
yields an clectron-phonon scattering rate proportional to T, ie. y ~ 1. This does not
correspond to any known mechanism and indicates that the heating model is invalid.
We expect this if the temperature dependence of the ohmic resistance is determined by
electron-electron scattering. or a genecral electron-electron interaction as implied by
the Hall ratio of 2. Thus, there appears 10 be convincing evidenc 2 that “high B’ mechanism
1s the electron-electron interaction process postulated by Altshuler et al (1980a). This
model! also predicts an absence of magnetoresistance, which is observed.

The Hall ratio of 2 is strictly valid only when k.J,, > 1 (I 1s the clastic scattering
length). This may account for the sharp drop in the ratio from 2 to 1 near the onset of
T~'3 behaviour for the higher mobility (lightly doped) sample. whereas the ratio
decreased more gradually for the lower-mobility sample with small I, (figure 2).

We now consider the process causing the logarithmic behaviour at low and zero B.
The negative magnetoresistance in this regime and suppression of the logarithmic
variation by small B are both in agreement with the predictions of the localisation theory.
It therefore appears that we have evidence for the existence of both the localisation and
the interaction mechanisms. the first being suppressed. and the second brought out, by
the application of a magnetic field. Although the logarithmic gradient in the interacting
state appeared to be independent of B. the range of electric ficld over which the change
was logarithmic did increase with B. This appears to indicate that the interacting state
1s stabilised by B and can exist at higher electron temperatures as B increascs.

Final confirmation of the existence of the two mechanisms must await measure-
ments of the Hall effect in the localisation regime.

We are grateful to Professor Sir Nevill Mott, J H Davies. R V Havdock, M Kaveh and
M J Kelly for many discussions on this topic. The low-temperature experiments were
performed at the SRC Rutherford Luboratory and would not have been possible
without the advice and help of Dr S F J Read and M G Regan. This work was supported
by SRC and in part by the European Rescarch Office of the US Army. M J Uren and
R A Davies thank SRC for research studentships. We also thank V A Browne and R E
Oukley of the Plesscy Company, Allen Clark Research Centre for advice oun specimen
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fabrication. M Pepper thanks the Plessey Company for leave of absence and the Warren
Committee of the Royal Society for support.

Note added in proof. We thank Drs Bishop, Tsui and Dynes for a preprint of their recent
work on the behaviour of the Hall effect at magnetic fields greater than 0-1 T. They
conclude that the behaviour of R.. is in agreement with the prediction of Altshuler et al.
However, as the dependence of the logarithmic slope was not investigated in detail at
low fields, they conclude that only the interaction mechanism is operative. The results
shown here demonstrate that in fact these are two mechanisms which can produce a
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Localisation in disordered two-dimensional systems and Q

the universal dependence on diftusion length

M Kaveht, MJ Uren. R A Davies and M Pepper
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 GHE,
UK

Reeeived 11 March 1081

Abstract. We extend the treatment by Kaveh and Mott of the effect of weak localisation on
the conductivity of disordered two-dimensional svstems to inchude the effect of magnete
and electric ficlds on the localisation. Tt is shown that the change in conductivity due to the W

el

localisation depends on only one parameter, the diffusion length. This result holds irrespec-
tive of the number of independent meck.anisms w hich individually correspond to a separate
ditfusion length. Our experimentdd vaiues of the conductivity for different temperatures.
clectric ficlds and different magnete ficlds fall on the predicted universal curve. The derived
formulae for the conductivity, when few mechanisms determune the length scale, are in
agreement with our experimental data. which cnables us to identify the individual diffusion
lengths. F

It has been suggested (Abrahams et al 1979, Gorkov et af 1979, Houghton er al 1980,
Haydock 1981, Kaveh and Moit 1981a. b) that all states arc weakly localised in a
disordercd two-dimensional system. The nature of the localisation was recently studied
by Kaveh and Mott (1981a). They described the random walk of an electron in the
disordered material, i.e. suffering from elastic scattering. by a diffusion equation. The
solution of the diffusion equation was correlated to the functional form of the wave-
function. The analysis showed that the amplitude of the wavefunction falls off as 1,r and
it is essentially cxtended in the sense that it is not normalisable. At zero temperature
they found the result of Abrahams ef af (1979) that the metallic conductance decreases
asin L, where L is the size of the sample. At finite temaperatures the electron remains in
the same encrgy only over an inelastic scattering ume 1,. The elastic random walk of the
electron is therefore described by the clastic diffusion c¢quation only when
r<Liolliao = (0D = (D1i)'). where I and [, are the elastic and inclastic mean
free paths respectively. This leads exactly to the result predicted by Anderson ez al
(1979):

&
6o = - pry In(L./). (1)

The success of the diffusion cquation in reproducing in a simple way (Kaveh and Mott E
1981a) the perturbation result obtained by Abrahams erai (1979) and Gorkov eral (1979)
encouraged us to try and unify the effect of all possible external perturbations (such as

+ Permanent address: Bar-Han University, Ramat-Gan, Isracl.

0022-3719/81/140413 + 07 $01.50 © 1981 The Institute of Physics L413
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electric and magnetic fields) on do via a modification of the diffusion equation from a
homogeneous equation to an inhomogeneous equation.

In this Letter we show that including externat perturbations in the diffusion equation
leads to a universal dependence of 6o on one diffusion length. Our treatment supports
the scaling idea of Abrahams er al (1979) in the metallic region, where kgl > [ (above a
‘mobility edge’), that here only a length scale determines the conductivity.

The negative magnetoresistance predicted by Hikami er al (1980) and Altshuler et @/
(1980) follows naturally and in a physically clear manner from our treatment. We
demonstrate here that the dependence of 6o on the sample length, on the temperature,
on the frequency, on the magnetic field and on the electric field shrinks into a universal
curve which is described by only one parameter: the diffusion length scale Ly. Qur
experimental results confirm the hypothesis of universality and are shown in figure 1.
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Figure 1. The change in conductivity is plotted against the log of the shortest length in the
system. The crosses indicate the conductivity determined by magnetic field and so the fength
plotted is the cyclotron radius. Open circles indicate that the length is determined by L..(T)
for ohmic electric fields and temperatures varying between 100 and 600 mK. Full circles
indicate that L,,(F) is the shortest length. which is changed by varying the electric field trom
0.2-2.0 Vm™'. The broken curve indicates where L; would hie for the same range of electric

. fields. However, the valucs of D are’such that due to heating L., becomes much shorter than
L for the particular values of electric field. .

’

Here all our data points for diffcrent temperatures, electric ficlds and magnetic ficlds
fall on a universat curve which will be discussed in more detail later. In addition, we
present an expression for the dependence of the conductivity correction on every
individual diffusion length when more than one mechanism is operative. The depend-
ence of o on every individual diffusion length is verified experimentally, and excellent
agreement is found between our predictions and the experimental resubts.

We first extend the treatment of Kaveh and Mott (19814} to include external per-
turbations such as electric and magnetic ficlds. The random walk of the electron for
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distances r > [ is not now given by a homogencous diffusion equation. We may write
DVG(r, t) — aG/ot = [0G/at)es . (r=1) . )

where [8G/a1].x is the change in the probability of finding an electron at r and time r due
to any source other than clastic scattering. Equation (2) is valid only for r > [, since no
clastic scattering occurs when r <[, It is assumed that [ is the shortest length in the
problem and any diffusion tength 1.4 (which will be determined from [aG/ar]. ) is larger
than /. If [8G/at].x produces a length Ly </, the singular behaviour of dois removed and
there is no region in space in which the logarithmic correction to the conductivity, which
is caused by the Lus of equation (2}, takes place. In this case the conductivity will be
completely metallic. :
If the external perturbation persists for a period of time 1, we may write

(0G/3t)ew = G, )

If we have few perturbations acting simultaneously, we may make the approximation
[aG/at]m = G/ 1.4, Where

T = ; i ()

We now generalise the treatment of Kaveh and Mott (1981a) to include external per-
turbations; taking the Fourier transform of equation (2) we obtain

1

G(g, Q) = brreT

Q)

The amplitude of the wavefunction ¢(r) is correlated to G{(g. Q = 0) (Kaveh and Mott
1981a) by

#0r) < [ dag expliq - 1) Glg. @ = 0) ©)
This yields
@(r) = (Alr) exp(—r/Lq) exp (iIK - r) )

which is similar to equation (25) of Kaveh and Mott (1981a) except that we now have a
general Ly which is given by

Lg = (D). (8)
The conductivity is then
o = oy — (e¥mh) In(Ly/l). )

This suggests that dodepends only on one parameter, the diffusion length scale L. The
source of Ly does not matter. Even if several mechanisms operate simultancousiy.
equation (9) is still valid with the following law:

. L\

Ly = (; L; ) _ (10)
and

Ld = (Dtp)m.

We now show that equations (9) and (10) represent not only a scattering mechanism but

4a
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also external ficlds. We first discuss the negative magnetoresistance discussed by Hikami
et al (1980) and Altshuler eral (1980). They found

e h deBT
= P
5o = [q;(~ + 401}1’,,,[)) + ln( P )] (11)

This expression seems to lic outside the universality idca of a unique diffusion length.
However, the limiting form of equation (11) supports this idea: thus when B— 0.
do—(esizrh) In(Ly/D.  where L, =(Dv,)'*. and as B —=x, 60— (eTh)

In(LJ/1), where L. is the cyclotron magnetic length, L = (2-¢B)' 7. We therefore propose
that the comnplicated behaviour of the effect of the magnetic tield is a4 consequence of @
competition betweentwomechanisms represented by twolengths L and L. The simple
form of equation (9) is apparent only if one length is much shorter than the other. The
complexity of the effect of a magnetic field arises in the form one should take for
[8G/ae}s in equation (2). The inelastic scattering s simply represented by our relaxation
time approximation. namely [0G/0t],, = Git,. For simplicity, let us approximate the
effect of the magnetic ficld by

[aGiat)s = Gu. (12)

If Lg < L,,, where Lg = (D/w,)'?, the wavefunction according to equation (7) will be
Y = (A/r) exp(—r/Lg) exp(iK - r). (13)

However, even in the absence of diffusion due to elastic scattering, the wavefunction
yis not extended and can be written as

¥ ~ exp(iK - r) exp[~§(r/LJ)7). (14)

Usually the modulation of y over a distance larger than L. is not important and the
metallic conduction is observed. However, here in two dimensions, L. can be the
normalisation length of equation (13) if L, < Lg. Indeed this is always the case. since

Lp = (3Ke)'°L, (15)

and K/ > 1. so that Lg > L. This gives do ~ In(L /) according to Kaveh and Mott
(1981a), L .being the normalisationlengthinequation (13) ratherthan L. Thisargument
explains why the digamma function extrapolates for large B to In(L.?) and not te
In(Lg/l). Thus the effect of a magnetic ficld is unique in that it introduces a length scale
which is independent of the diftusion constant D.

Ingener |,

da(T, B) = (e¥7h) In[L(T, B)/] (1)

where

L«(T, B) = (L3X(T) + LA(B))™ a1n
This unifics the effect of the magnetic ficld to the idea of a one-scale length function.
This also simplifies the result of Hikami er af (1980) and Altshuler ef al (1980)
approximating their digamma (3) function into a simple length dependence. In figure
2, expressions (J1) and (16} are comipared as a function of the ratio L, L. for constam
L.. Equations (11) and (16) are normalised in the regime of L, dominating and L,
dominating respectively. The important point is that the shapes are very similar in the
region where L. ~ Ly, and we find a temperature-dependent magnetoresistance. The
effect of the constants is noted in the caption to figure 2.
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We now turn to the cifect of a static clectric ficld. The effect of this field can be
generalised by an argument developed by Kaveh and Mott (1981¢) in their discussion of
the validity of the scaling theory. The electron abways undergoes a random walk in the
presence of an clectric ficld F. The change in energy of the electron in travelling the
diffusion length L varies between zeFL. When this energy is less than the diffusion
energy hI)/L" it can be neglected. This is always the case for small electric fields and
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Figure 2. Here we show the calculated change in conductivity o against [ /L, for varving
L.,. Curve A is the graphical representation of equation (15): similarly B is equation (11}
normalised to fitin the highand low L, limits Inthe hmut L, <€ L. doaccording to equation
(16) varies as In(l° Li,). whereas according to equation (1) (the digamma function). this
variatior is In(£ 20.5). When L, > L. i.c. B— = cquation (16) gives do varying as
In(f7L7), whereas the digamma function (equation (11)) gives S0 varving as In(2F° L) ~
1.96. The differences duc to the constant factors appear to be related to the mathematical
details rather than the physical processes. Our fitting procedure eliminates thewr effect
without changing the shape. This corresponds to the real situation, as experimentally it is
only the change in o which is important. The effect of the approximation in equation (12) is
that as B —+ 0 8o varics as B rather than the more physically reasonable 8°. which comes
more from the rigorous treatment of Altshuler ef al and Hikam et af and was observed by
Kawaguchi and Kawaji.

large inclastic scattering rates (which cause a small diffusion length). However. acritical
Jength Lgis always found for which :

eFLf = hD/L} (18)
as the field increases, i.e.
Ly = (hD/eF)'*, ' (19)

Thus the electric ficld may change 8o at any temperature through a In[Ly(T. F)/)
dependence, wherse

LT, F) = (LF*+ LX) "> (20)
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Consequently, increasing F tends to delocalise the wavefunction. For large Fand B we
must have

Ly(F, B) = (L7 + LI(B) "2 (21)

An AC field may be represented by a length L., = (Diw)’ 2(Gorkov eral 1979). We
see that the AC clectric field and the static magnetic ficld can be represented by simlar
length scales; these result from the period in time that the perturbation acts on the
electron. In the case of an AC field itis VVw, where @ is the frequency and in the case of
a magnetic field it is 1/, where @, is the cvclotron frequency. Of course. as 1 o, leads
to the length Lgitis not of great practical signiticance, Ly, always being greater than [

We now turn to the experimental verification of the universal curve. We have
measur=d the conductivity of a (100) orientation. n-channel MostE 1 at temperatures
between SOmK and 1 K in the ‘metallic regime’ (kg ~ 4, R - = 3.4kQ). Three par-
ameters were varied: temperature. electric field and magnetic ficld: and logarithmic
corrections 1o the conductivity were observed as a function of each (Bishop er @l 1980,
Uren er al 1980, 19581).

For ohmic electric ficlds, and at a lattice temperature of ~S0mK, the change in
conductivity do was proportional to In B. so that Lywas ~L. i.e. Ly and Ly 3 Ly We
have plotted dg against L, as crosses in higure ). For zero magnetic field and ohmic
electricfields. 0o =< In T. Here the length was set by the inelastic scatteringlength L, (7).
which in this case was due to electron-clectron scattering. The inelastic length was found
by usc of the negative magnetoresistance described by equation (11) (Kawaguchi and
Kawaji 1980, Uren er af 1981). Fitting this expression to the experimentad data gave 14
and hence L. These lengths are indicated in figure 1 as open circles

The effect of the electric field is more complicated. The observed 6 x In Fdepend-
ence, for zero magnetic field and low lattice temperature, may be due to field-induced
heating of the electron gas to a temperature well above that of the tattice. This wili result
in an electric field dependent Ly, {Anderson ef al 1979). Alternatively. the electric field
could set the new length. Lgof equation (19). directly. L,was found to licin the broken
region of the universal curve for the electric fields used in the experiment. This implied
that Ly> L, for the conditions used and so the hcating mechanism was dominant.
However, for lower lattice temperatures and electric fields, L; must eventually become
the shortest length. The heating model gave the electric ficld dependence of Ly (F) which
is plotted in figure 1 as dots.

Excellent agreement was found between the conductivities set by L, and L, both
lying on a common curve. This is good evidence that the concept of the shortest length
is correct and that the proposed lengths correspond to the shortest lengths in the system.
Details of the transition between these lengths will be published shortly.

Thus, to summarise we find that the diffusion corrections to the conductivity of a
two-dimensional disordered system arc universally given by equation (9), where Ly may
depend on five variables and is given by

Lo= (L + L3+ L7+ L2 + L) (22)

In our experiment we succeeded in verifying equation (22) for two length scales L, and
L.

We thank Professor Sir Nevill Mott for many discussions on this topic. M Kaveh thanks
the SRC for a Visiting Fellowship: R A Davies and M J Uren possess SRC Research
Studentships. The low-temperature measurements were performed at the SRC Ruther-
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ford Laboratory and we are most grateful for the help and advice of Dr S FJ Read and
Mr G Regan. This work was supported by the SRC and in part by the European Research
Office of the US Army. :

References

Abrahams E, Anderson PW, Licciardello D C and Ramakrishnan TV 1979 Phys. Reo. Lett. 42673
Altshuler B L, Khinelnitzkii D, Larkin A Tand Lee P A 1980 Phys. Rev. B225142
Anderson P W, Abrahams E and Ramaknishnan TV 1979 Phys. Ree. Letu. 44 1288
Rishop D J, Tsui D C and Dynes R C 1980 Phvs. Rer. Len. 441153

Gorkov L P, Larkin A Land Khnelnuzhis D 1979 JETP Lew. 30229

Haydock R 1981 Phil. Mag. B43 203

Hikami S, Larkin A [ and Nagaoka Y 1980 Prog. Theor. Phys. 63 707

Houghton A Jericki A, Kenway R D) and Pruisken A M M 1980 Phys. Rev. Leu. 45394
Kaveh M and Mott N F 1981a J. Phvs. C: Solid Stace Phys. 141177

—— 1981bJ. Phys. C: Solid State Phys. 14L183

——  1981c to be submitted

Kawaguchi Y and Kawaji $ 1980 J. Phys. Soc. Japan 48 699

Uren M J, Davies R A, Kaveh M and Pepper M 1981 J. Phys. C: Solid Swate Phys. 141.395
Uren M J, Davies R A and Pepper M 1980 ). Phys. C: Solid State Phys. 13 L9585




J. Phys. C: Solid State Phys., 14 (1981) L395-1.402. Printed in Great Britain

LETTER TO THE EDITOR

Magnetic delocalisation of a two-dimensional electron
gas and the quantum law of electron—electron scattering
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Abstract. We discuss the effect of a magnetic field on the weak localisation of 2 tw.-
dimensional electron gas. It is shown that due to quantum corrections the electre—~lectr 0o
relaxation time t.. varies with electron temperature Taste! =4, 7 + A:T°. in 2 temres-
ature range 3 K~0.1 K. This short 1. causes a rapid transition between states which 27z
weakly localised and so reduces the logarithmic correction to the conductance.

Negative magnetoresistance in the Siinversion fayer wasfirst found by Eisele and Dorc 2
(1974). Subsequently Pollitt er al (1976) showed that the magnetoresistance pecar =
positive as soon as the Fermi level passed below the mobility edge and conducton w s
by hopping. Kawaguchieral (1978) found that the nc gative magnetoresistance czpend2 3
only on the normal component of the magnetic ficld, a result which excludes spineffects
as the cause of the behaviour.

It has been suggested that as a consequence of diffusion. i.e. elastic scattering. =7}
states are weakly localised in two dimensions (Abrahams er al 1979, Gorkov i al 167 -,
Houghton er o/ 1980, Haydock 1981, Kaveh and Mott 1981a. b). At finite temperatur =
the weak (power law) localisation will produce a correction to the conductance Aa.
where

Ao = (=2a€’/7h) In (L) (1)

L is the inelastic diffusion length and [ is the elastic mean free path, ais a constant ar i
the factor of 2 arises from the valley degeneracy. This law is found below ~1 K(Bish -2
et al 1980, Uren ef al 1980). Hikami et af {1980} and Altshuler er al (1980a) have show =
thatthe effect of a magnetic ficld isto alterthe length scale inequation (1), The correcticn

becomes
aet h 4eBDr .
Joo= 5 (vt amp) n(*5) ] <)

where yis the digamma function, 1, is the inelastic scattering time and D is the diffusic n
cocfficient of electrons at the Fermi level; we assunic a valley degeneracy of 2. T
length scale is now set by both the temperature-dependent inelastic length Land t- ¢

t On leave from Bar-llan University, Ramat-Gan, Isracl.
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temperature-independent cyclotron radius L,.. When L < L, the magnetic ficld has
little influence on the temperature dependence of the logarithmic correction. Decreasing
L modifies this until, when L., < L, the temperature dependence is lost, although
the ncgative magnetoresistance remains. We have observed this behaviour and will
report it in more detail later.

Kawaguchi and Kawaji (1980a, b) have shown that the values of 1, extracted from
equation (2) vary as T" above 2 K, where P = 2 at high values of carrier concentration
and dccreases at lower values. This suggests that, as expected, the inelastic scattering
was electron—electron type. The result implies that even if the logarithmic correction is
not observed due to the dominance of other scattering mechanisms (Cham and Wheeler
1980, Stern 1980), equation (2) is stiil found as the other mechanisms are insensitive to
small values of magnetic field. '

In an earlier Letter (Uren et al 1980) we showed that a magnetic field suppressed the
logarithmic term arising from the localisation and also enhanced another logarithmic
mechanism. This was thought to be the Coulomb interaction model of Altshuler et al
(1980a). However, our discussion of the screening in the treatment of Altshuler er af
(1980a, b) was incorrect, and we now suggest that this mechanism is not Coulomb in

_origin. It is, however, closely related to that of Altshuler er al, except that the energy
shift is produced by the cffect of the magnetic field on the spin distribution. Further
details will be published later.

In the devices used for this work / was sufficiently great that the localisation could be
entirely suppressed by the magnetic ficld without observation of the second mechanism.
In this Letter we present results on the electron—electron scattering for kgl ~ 4, and
show that the electron—clectron scattering rate is modified by impurity scattering.
Furthermore, the deviation from the normal T2 behaviour persists down to ~0.1 K,
and the loss of temperature dependence below ~2 K found by Kawaguchi and Kawaji
(1980b) was probably due to electron heating in that experiment.

Our experiments were carried out on (100) silicon MOSFETs (silicon gate) in the
temperature range 0.1-4 K. The samples were 250 X 250 ym with conventional Hall
probes spaced at * and 3 of the channel length. All the resistance measurements were
four-terminal, using low-frequency AC, although there was no obvious contact resistance
in the specimens used.

Inthe range 0.1-0.6 K the magnetoresistance was measured in a dilution refrigerator
with magnetic fields between 0 and 0.25 T. Above this ficld. the interaction regimie is
entered. In figure 1 the change in resistance AR (R(B) — R(B = 0}) is plotted against
log B for two different clectric fields (labelled A and B). the lattice temperature being
maintained at 50 mK. .

Fitting equation (2) gives the full curves in figure 1 showing reasonable agreement
with experiment. In the previous work of Bishop et al and Uren et al. the valley
degencracy was ignored. However, itscemscle rthatitshould be included and we have
done so here. For the valley degencracy of 2 this gave a = 0.28 = (.02, which did not
appear to alter with electric field or temperature as was found by Kawaguchi and Kawaji
(1980a). a is a constant which should be 4 or | depending on the spin flip scattering
length, so the low values found experimentally are still unexplained.

The effect of increasing the electric ficld is to increase the electron temperature
above that of the lattice (Anderson et al 1979). By comparing a change in resistance
against T with the change against F, the clectron temperature corresponding to a
particular ficld can be extracted (Fang and Fowler 1970). This analysis should be true
provided the electron—electron scattering time is shorter than the clectron-phonon
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relaxation time, which the abserved dependence of clectron temperature on electric
field shows to be the case. Furthermore, this procedure is valid regardless of the
particular mechanism dominating the conductance. The values of .. for each ¢clectron
temperaturc were found from fitting equation (2) to the experimental data and are
plotted in figure 2. In the temperature range 0.1-0.6 K the heating was accomplished by
the electric field and the values of 7. are 2 X 107!%-2 x 107" 5. In the range 1 K-3 K the
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Figure 1. The change in resistance is plotted against log B. The curves are theoretical plots
for a = 0.28. A and B are for a lattice temperature of ~50 mK and electric fields of 0.2 and
2V m™ ! corresponding to electron temperatures of 110 2 10 mK and 550 = S0 mK. Cand D
are for ohmic electric field and temperature of 1.2 K and 2.1 K. Metallic resistance is 3.4 kQ
and N,p is 3.8 x 10" m-2.

magnetoresistance was measured in the ohmic regime and the values of 7., are (5~
1) x 10" '2s, The magnetoresistance effect vanished at about 4K when 1 ~1, (t =
5.7 x10~ ¥ s for the value of Er used in these experiments). which is expected as the
logarithmic correction should disappcar when this equality occurs. Good agreement is
obtained between the two temperature regimes considering the large systematic errors
which can easily occur in the determination of ..

Any fitting procedure will tend to produce artificially smooth sets of results. The
error bars represent the maximum ranges of smooth Jines which could be drawn during
the fit of electric field 1o temperature and the fitting of equation (2) to the magnctores-
istance. Additional errors can casily arise at long scattering times because of residual
magnetic ficlds. The data fita power law of 7' =T7%* fairly well, but no physical reason
to expect this exponent cxists.
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Figure 2. The log of t,, extracted from equation (2) is plotted against the log of the electron
temperature. In the temperature range 0.1-0.6 K the heating was accomplished using an
electric ficld, and in the region [.2 K-3 K the lattice temperature was changed with ohmic
electric fields.

According to Landau ;! = £, where ¢is the energy of a state measured relative to
Eg. From the energy dependence of the Fermi distribution of clectrons it is clear that
&~ kpT, and thus 1z = T°. This argument takes into account only the energy conser-
vation of the scattering event. The electron can gain energy k7 but another electron
must lose energy kT therefore the number of available events must be proportional to
T2. This argument does not depend on the momentum transfer in the process. This will
determine the strength of .. but not the temperature dependence. Recently Altshuler
and Aronov (1979) and Schmid (1974) pointed out that, for samples for which &/ is
small, the Landau argument must be corrected to include the finiteness of the mean free
path. This is particularly important when the mean free pathis short.i.e./ ~K¢'. The
small momentum transfer must then be correlated to the energy transfer and the € law
is modified. For three dimensions Altshuler and Aronev and Schmid obtained a correc-
tion proportional to £'%. Extending their ideas to two dimensions, one obtains a “cor-
rection’ proportional to €. Thus in two dimensions, for small values of ¢, the *correction’
term will determine the clectron damping time. Since for a finite temperature ¢ ka7
we find v, =A,T + A,T°. Our estimations for A4, and A; show that 7 = 1 K both are
nearly equal. Thercfore, for investigations of the ‘logarithmic region’ of the conductivity
12 should tend to a T'law.

Our main argument for the quantum corrections to z.' differs from the previously
quoted work and is closely related to the argument of Kaveh and Mott (1981a, b) which
yiclded the same quantum corrections to the density of states (in every dimension), as

W RPN
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obtained by Altshuler and Aronov (1979) by diagrammatic techniques. (A two-dimen-
sional T law has also been suggested by Abrahams er af {(unpublished, quoted in
Altshulereral 1980a)). Anelectroninstate K isscattered tostate K, by losing (or gaining)
energy hw. Another electron in state K3 must jump to state K4 by acquiring (or losing)
the same amount of cnergy. The scattering time depends on all available (K, K5, K,)
states. However, conservation of momentum requiresthatifK; — K, = gthenK; ~ K, =
—q. Conservation of energy gives E(K;) ~ E(K,) = E(K;) — E(K:) = hw. This yields
to a restriction to the possible independent scattering events, In three dimensions we
are left with five independent variables to describe all possible scattering events for an
electron in state K. It is convenient to choose two energy variables and one momentum
vector. The five variables are (w, €. g): Aw is the energy exchange in the scattering, &
is the energy of state K; of the other electron and ¢ is the momentum transfer. This is
demonstrated in figure 3.

\‘v
AA

" =K X, —~K,

Figure 3. The diagram shows the available momentum space for cach clectron before and
after scattering.

In two dimensions there are only three independent variables represented by (.
€3, |¢]). The argument we present here is the same for three and two dimensions except
for the diffcrences in phase space. The electron damping time is given by

AT T

T o« f dgq®™! jo do | deVidq) 3)
(1]

where d'is the dimensionality. Since K>, K. Ky can rotate only over anenergy interval A T

this sets an upper limit for the number of scattering events which is the upper limit of the

wand £y integration.

In the usual Landau argument there is no correlation between g and the energy of a
state; the q integration is just a g phase space integration yiclding a number which is not
dependent on temperature. Thus 1! * 77 in both three and two dimensions (for one
dimension see a discussion by Kaveh 1980).

The new point here is that for low transfer of momentum such that ¢ <! the
individual encrgy levels are broadened. In this case the momentum ¢ is related to an
energy scale which detines the energy broadening of a state near Ep. We now divide
equation (3) into two contributions: the first corresponds to an integration over
I"' < g < 2Ky This will yield the usual Landau resultr;,! = T°. The second contribution
comecs from the g integration for g < {™'. The energy broadening of a state due to clastic
scattering of an clectron duc to the disorder is ADg*. This determines a lower value of

llin,

o




L400 Letter to the Editor

q, since we must have
#Dq? = kyT. ' . . C))

Otherwise the broadening energy due to the impurity scattering is not important on the
scale of the energy transferred in an electron—electron scattering of order kT. We
therefore require the contribution to ' due to scattering events for which

(ks TIRD)? < g < I )

However, animportant change must be made to equation (3) in the region of momentum
exchange given by equation (5). This is seen by a similar argument to that presented by
Kaveh and Mott (1981b) in their discussion of the change of the density of states in a
disordered metal. There the energy broadening fiDg® entered only once for a particular
energy state. Here, in calculating ', we must include the energy broadening twice:
once for the transition for the K, electron and the second time for the transition of the
Kjelectron (see figure 3). Equation (3) turns out to be

The q integration is the same as in the calculation of the change of density of states due
to diffusion broadening (Kaveh and Mott 1981b). except of course that V..(q)/kDg’
appears twice. It is always the lower limit which dominates in equation (6) and corres-
pondingly the Landau T? is modified. V. is independent of q for such small values of q
and is 47¢*/K? for d = 3 and 27¢/K for d = 2, where K is the inverse screening length.
Hence, ford = 3, we obtain

.1 (keT)? f"' 2 (k87)"'2
T o« dg/q® = [— 7
cc (ﬁD)2 kTAD) q'q9 aD ( )

which is the result first obtained by Schmid (1974) by diagrammatic techniques. Our
method of obtaining equation (6) enables us to obtain easily the correction totz! for the
two-dimensional case. For d = 2 we find from equation (6)

KTy (I kT
)« ( f dg/q® = —. 8
¢ (ﬁD)Z (kT/InD)' le ( )

Thus in two dimensions the g < I region is more pronounced than in three dimensions.
For T—- 0, 72! should tend to a T law and the Landau resuit will dominate only for higher
temperatures. Thus for two dimensions the effect of impurity scattering is to produce a
new damping law for an electron state:

= AT + AT )

The origin of the quantum correction to 12! is similar to the corrections one finds in
the density of states of a two-dimensional disordered metal. In inversion layers the
logarithmic correction due to electron—clectron interactions is difficult to observe
because of the presence of localisation effects. However, when the localisation effects
are suppressed the interaction effect on the density of states is revealed (Uren et al 1980).
Therefore the existence of a Tterm in 1., is consistent with a logarithmic correction in
the density of states. The same follows for three dimensions. An observation of a 71
dependence in the conductivity must correspond to a T * correction in 1.\

We accordingly looked for clectron—electron scattering of this form and have

.
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replotted the results of figure 2 in figure 4 in the form of 1,/ T against T so as to separate
these terms. Reasonable agreement is found with values of A=
(3.4 20.6) x 10K 's'and A; =(8.6 = 1.3) x 10" K™2s7!, whichisc rtainlycon-
sistent with a T law. The T law of electron-¢lectron scattering is enhon . at low kgl
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Figure 4. 1/(1,,T) is plotted against T. The straight linc plot which does not go through the
origin indicates a ;! =A\T + A,T° law.

(our value is only 4), which is why it is observed here. These results and the use of the
negative magnetic resistance in determining a universal length scale will be discussed in
detail shortly (Kaveh et al to be published).

Thus, in summary, the negative magnetoresistance in (100) MOSFETs over the tem-
peraturcrange 0.1-4 K hasbeen fitted tothe theories of Hikami er al (1980) and Altshuler
et al (1980b) and the inclastic scattering time has been extracted. This scattering time
varies as 7! =A,T + A;T? and is identified as electron-electron scattering where
quantum corrections lcad to a transition to a 7 law at low temperatures.

We thank Professor Sir Nevill Mott for many-discussions on this topic. M Kaveh thanks
the SRC for a Visiting Fellowship: R A Davies and M J Uren possess SRC Rescarch
Studentships. The low-temperature measurements were performed at the SRC Ruth-
erford Laboratory and we are most grateful for the help and advice of Dr SFJ Read and
Mr G Regan. This work was supported by the SRC and in part by the European Research
Office of the US Army.
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Magnetic separation of localisation and interaction
effects in a two-dimensional electron gas at low
temperatures

R A Davies, M J Uren and M Pepper
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE,
UK

Received 11 May 1981

Abstract. We show that by the application of a magnetic field it is possible to achieve 5
complete separation of localisation and interaction mechanisms in two dimensions. Measure- h
ments of the conductance of silicon inversion layers show that, at certain values of magnetic :
field, it is also possible to achieve metailic conduction near 50 mK. It is also shown that the
appearance of the interaction mechanism is not strongly dependent on the direction of the
magnetic field, implying that the origin of the effect is in electron spin rather than cyclotron ]
orbit motion. The implications for the quantised Hall resistor are discussed.

It is now well known that the conductance of a two-dimensional metal decreases logar-
ithmically with temperature at low temperatures (Dolan and Osheroff 1979, Bishop et
al 1980, 1981, Uren et al 1980, hereafter denoted UDP). In our earlier Letter, we showed
that there are two distinct mechanisms giving rise to logarithmic corrections to the
conductance, and that a transition b¢tween the two may be achieved by the application
of a magnetic field B.

For small or zero B, carrier concentration <107 m~2, and K¢l > 1 (K¢ is the Fermi
wavevector, [ is the mean free path); in silicon inversion layers the dominant mechanism
causing the logarithmic correction is the weak localisation always present in disordered
two-dimensional systems (Abrahams et al 1979, Gorkov er al 1979, Kaveh and Mott
1981a). Increasing the magnetic field suppresses this effect by making the

. temperature-independent, cyclotron orbit-the shortest length scale (Hikami er a/ 1980, 4
Altshuler er al 1980b, UDP, Kaveh er al 1981, Uren eral 1981).
Increasing the magnetic field also causes a second mechanism to become observable:
UDP identified this as the interaction mechanismof Altshuler er al (1980a) (Kaveh and
Mott (1981b) gave a more physical argument leading to Altshuler’s result). It was not
clear why the magnetic field enhanced this mechanism. According to Altshuler er a/ 4
(1980a) the correction to the conductance due to interactions is given by

2

. .
Ao = %m.(z -2 T ()

where the quantity F is duc to screening and has a value of 0.93 for a typical carrier
concentration of 3.8 x 10'* m™?, making the correction vanishingly small.

S
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Recently P A Lee and T V Ramakrishan (1981 private communication) have sug-
gested that the factor (2 — 2F) is changed on application of a magnetic field to (2 - F).
by the change in spin polarisation. provided g8 =k T (fis the Bohr magneton and g is
the Landé factor, equal to 2). This could account for the results of UDP that the
interaction mechanism was less stable than the localisation mechanism against an
increase in tempcrature. It also predicts a positive magnetoresistance as well as the
transition of (2 — 2F) to (2 — F). Evidence, in three dimensions. for this magnetic effect
is provided by Rosenbaum er a/ (1981), who find agreement with the corresponding
prediction independent of the magnetic field direction. In UDP corrections 1o the

3k
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Figure 1. Rg is plotted against log E for various values of magnetic field with a constant
carricr concentration of 3.8 x 10" m~?and a latuce temperature of ~ S0 mK. The magnetic
fields in Tarc: A0; B0.008; C0.021: D0.047, 0079 FO.1. G OIS, H0.26,10.32, and }
0.52. The crosses mark the points uscd for the integration of the onginally measured
differential resistance. The elastic scattering length was 36 nm.
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conductance were always present, the magnetic field altering the magnitude of the
variation with temperature and giving magnetorsistance.

The experiments reported here were carried out on (100) orientation n-channel
silicon MOSFETs, low temperatures being given by a dilution refrigerator. Details of
sample gcometry and measurement methods are described in UDP.

Here, using samples with a longer { than in UDP, we show that it is possible to
eliminate entirely corrections to the conductance in a certain range of magnetic field.
The small degree of disorder in these samples meant that the K&/ = 1 condition was
achieved with a carrier concentration of 2.2 X 10" m™2. In figure 1 we show the variation
of inversion layer resistance with electric field for various values of B; the effect of
increasing the electric field is to increase the electron temperature and hence decrease
the resistance. It is seen that when B = 0 the resistance is initially ohmic and then.
as heating occurs, decrcases logarithmically, increasing again for electric fieids
>1Vm™!, Thisfinal increase is probably due to the temperature dependence of screening
decreasing / (Cham and Wheeler 1980, Stern 1980) and will not be discussed further.

Increasing B produces the expected negative magnetoresistance and a decrease in
the change in resistance with electron temperature. This results from the shortening of
the scale length determining the conductance correction

Ao =~ (~eln*h) In(LJL)

where L, is given by

1. (__1_ + L) v
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Figure 2. Ro is plotied against log B. for small electric field. Conditions are as in figure 1.
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Ly is the cyclotron orbit and Ly the inelastic length (Kaveh eral 1981, Uren et al 1981).
This approximation is in good agreement with experiment and the more rigorous theory
(Hikami et al 1980, Altshuler et al 1980b) except for Lo > Lix (small B) where it fails
to capture the B* dependence of the negative magnetoresistance. It is also apparent that
as Bincreases the resistance is ohmic to higher electric fields, i.e. as the cyclotron length
decreases, it is necessary to heat the electrons more for Ly to become less than L.

When B > 0.1 T no electric ficld, and hence temperature, dependence is observable,
as L. determines Lg for all accessible values of temperature; the negative magneto-
resistance is still present as Ly is shortened by increasing B. Increasing B above .23 T
results in the observation of the interaction mechanism. The localisation mechanism is
still present as negative magnetoresistance is scen at high electron temperatures; this
will disappear only when Ly < {,1.e. .1 = 1 (e is the cyclotron frequency and tis the
scattering time). At highcr values of B (w1 ~ 0.25) the positive magnetoresistance of
the interaction mechanism is observed. The 50 mK magnetoresistance. at small electric
fields, is shown in figure 2; it can be seen to deviate at 0.26 T. This gives a value of
gBB/k = 350 mK, inagreement with the predictionthatgB > kTtolift the spindegener-
acy, making the interaction effect visible.

Compared with the results in UDP, the magnitude of the interaction effect (AR’ R
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Figure 3. Rg is plotted against log E for various 'parallel’ magnetic ficlds. The lattice
temperature is 85 mK, carricr concentration is 1.2 x 10'*m-?, and elastic scattering length
19 nm. The magnetic fields in Tare: A0; B0.013,C0.052; D0.13: E0.92,F1.3,and G 2.6.
Crosses again represent points used for integration.
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per decade change in E) is much smaller. They should both be similar, as they are a
measure of the pre-logarithmic term in eq. ~tion (1), F being similar in both cases. We
suggest that this is a result of being close to the w,t = 1 condition with the greater /. Here
the theory will break down as the nature of the wavefunction changes and the condition
that g/ > 1 becomes inapplicable.

We have also investigated corrections to the conductivity with the magnetic ficld
parallel to the inversion layer. A sample with short {, as in UDP, was again used; kgl =

3.7 and ! = 19 nm for the results shown.

Resistance as a function of electric ficld was again measured for a variety of magnetic
fields, electron heating relating this to the temperature dependence. Some typical results
are shown in figure 3. Figure 4 shows the magnetoresistance, at 85 mK, and also magne-
toresistance for the same sample with the field perpendicular to the surface, for com-
parison. The two sets of results were taken on different occasions, so parametets differ
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Figure 4. Rg is plotted against log B for two orientations of the field. Open symbols are for
‘parallel’ field (conditions as in figure 3); full symbols are for transverse ficld. temperature
85 mK and elastic scattering length is 17 nm.

slightly. A small amount of negative magnetoresistance is seen (with parallel B field) for
B < 0.05T; we attribute this to a small misalignment of the sample. Comparison with
the transverse field case suggests that the field is in fact at an angle of 6° to the inversion
layer. The small angle results in a slight suppression of the localisation mechanism and
an initial negative magnetoresistance. Kawaguchi ef af (1978) have shown that the
negative magnetoresistance is only dependent on the transverse component.
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Of greater interest is the behaviour at higher magnetic fields where in both cases
positive magnetoresistance appears; this is the onset of the second interaction mech-
anism. With a ‘parallel’ magnetic ficld this effect is seen for smaller B, showing it to
depend on the total field and not just the transverse component. {t is seen at smaller B
as the negative magnetoresistance, which must be exceeded. is much smaller in this case.

This absence of a directional dependence in the onset of the interaction mechanism
is clear evidence for it being a spin rather than an orbital effect. In future work, the
parallel field will allow a more detailed investigation of the interaction regime as B can
be increased further without the w.t = 1 limitation.

Although we have given an experimental demonstration that, for certain magnetic
fields, temperature-independent (i.e. metallic) conduction can be obtained at temper-
atures as low as 50 mK, it is possible that an interaction correction will appear at still
lower temperatures when g88 > kT. However, as when a magnetic ficld destroys the
localisation, the conductance change due tointeractionsis only acorrection term (Kaveh
and Mott 1981b), the metallic conductance should be restored at even lower
temperatures.

We note that the two mechanisms for logarithmic corrections are not applicable 10
the quantised Hall resistor (von Klitzing et al 1980). Here the condition is that wr » 1,
and so clearly the localisation mechanism is completely suppressed. In addition the
‘plateau’ of constant Hall resistance is found when oy, is zero, or vanishingly small. and
the current in the x direction is determined by g,,. The factor of 2 found for the ratio in
the change of Hall constant to change of resistance (Uren et al 1980, Bishop er al 1981)
is proof that o,, is not affected by the interaction mechanism. As the concept of Ayl is
inapplicable for the values of wrused, the mechanism should be invalid. as indicated by
the observed decrease in logarithmic gradient when wt approaches unity.

Finally, we mention that the action of the magnetic field distinguishes between the
interactions studied here and the two types of localisation. exponential and power law.
For the case of exponential localisation the magnetic field shrinks the wavefunction,
thereby producing a positive magnetoresistance. localisation increases and conduction
by excitation to E. and hopping are atfected in different ways (Pepper 1979). On the
other hand, the conductance when states are power law localised is increased by the
magnetic field shortening the length scale. In the same way that the ficld sharpens the
distinction betwecn conduction by excitation to £, and hopping in exponential localis-
ation, so the distinction between the transport mechanisms for the two ditferent types
of localisation will be sharpened.

We have enjoyed many discussions with Professor Sir Nevill Mott and Dr M Kaveh.
M J Uren and R A Davies receive SRC studentships. These experiments were carricd
out at the SRC Rutherford Laboratory and we are grateful for the help and advice of Mr
G Regan and Dr S F J Read. This work was supported by SRC and. in part, by the
Europcan Research Office of the US Army.

Note added in proof. Recently Lee and Ramakrishan have suggested that, in 2D, if g8B>KT the
magnetoresistance in the interaction regime varies as (¢ %) (F 4. )nB. We confirm this law to a reasonable
accuracy (final points of figure 4). Poole. Pepper and Glew have recently investigated localisation and
interaction effects in 2D transport in modulation-doped GaAs. Here, due to the smaller F. both the loganithmic
corrections are prescnt at zero magnetic tield. However, the localisation can be suppressed by a small value
of B and the interaction cffects remain, giving the Hall ratio of 2.
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Abstract. We have investigated the logarithmic correction to the transport properties of the
two-dimensional electron gas at the (modulation-doped) GaAs-GaAlAs interface in the
temperature raage 4.2-0.34 K. GaAs is different to Si in that. due to the low deasity of
states, the electron screening length is greater. This allows the existence of a sigmificant
logarithmic correction from the electron—clectron interaction in the absence of a magnetic
field. The experimental results are consistent with the co-existence of localisaton and
interaction effects although the analysis is complicated by the occupation of two sub-bands.

We have investigated the electron-clectron scattering rate and tind that. as in the St
inversion layer, the temperature dependence is reduced by guantum corrections. Analysis
of the rate of emission of phonons by hot electrons indicates that the phonons of importance
are two-dimensional.

Itis known that at low temperatures the conductance of a two-dimensional electron gas
decreases logarithmically with falling temperature. This effect has been seen in silicon
inversion layers (Bishop er al 1980, 1981, Uren et al 1980, Davies et al 1981, Uren er al
1981, Kaveh et al 1981). The correction to the conductance Ao due to localisation is

Ao=(¥irh)aln T (1)

where a and p are constants (Abrahams et al 1979. Gorkov er al 1979, Kaveh and Mott
1981, Pichard and Sarma 1981), and for interactions (Altshuler et al 1980a. b) in the
presence of weak impurity scattering

Ao = (e¥4Th)(2-2F)InT )
where Fis the electron—clectron screening factor defined by
‘2% 00
F= 3)

2(1 + 2ke/K)'
ke is the Fermi k vector and K., the 2D electron inverse screening length. is given by
K = m*e2nech’. )

In the presence of a magnetic ficld B the localisation contribution Ao can be quenched
$ Onleave from Plessey Research Ltd, Caswell, Towcester, Northaats, UK.
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as the cyclotron diameter becomes much less than the inelastic scattering length (Uren
et al 1981). This leads to a negative magnetoresistance described by Hikami et al (1980)
and Altshuler er al (1980a). The conductance is now given by

2

o= a0 sk (W1 o)~ ¥{1+ e ®

where oy is the normal conductance oy = n.e*t/m*, tis the elastic scattering time, 1yn is
the inelastic scattering time. D is the clectron diffusion constant and y is the digamma
function. We have assumed that 7y is much shorter than r,, and r,, the two-dimensional
spin orbit and magnetic scattering times respectively.

The interaction mechanism is enhanced by a magnetic field which allows aseparation
between these two mechanisms (Uren et al 1980). The field converts the (2 = 2F) term
to (2 — F), so enhancing the logarithmic corrections. provided gfiB > kT (Lee and
Ramakrishnan 1981). This results in a positive magnetoresistance as has been observed
by Davies et al (1981) in silicon inversion layers.

_Altshuler er @l (1980a, b) calculated the effect of interactions on o, and obtained
Aa,, =0.Thus

ARyRy = —2A0./0;, (6)

* where Ry is the Hall constant. However, in the localisation regime the Hall mobility
varies with temperature in the same manner as the conductance (Fukuyama 1980), i.e.

: ARH/RH = 0 (7)

Thus the application of 2 magnetic field allows the identification of the localisation
and interaction contributions to Ao. Furthermore, as has been shown by Davices er al
(1981). the localisation is affected by the transverse component of the field. whereas the
enhancement of the interaction effect is independent of the direction of the field.

In the previous work on Si inversion laver the interaction component was small in
the absence of a magnetic ficld as Fwas ncar unity. The greater screening lengthin GaAs
results in a much smaller value of F for similar values of carrier concentration. We
therefore investigated this regime of behaviour in modulation-doped GaAs structures.

If highly doped GaAlAs is grown onto undoped GaAs thea, due to the higher
electron affinity of GaAs. electrons spill over from the GaAlAs into a narrow potential
well as iflustrated in figure 1. Since the electrons are spatially removed from their parent
donor ions then impurity scattering is reduced. resulting in high clectron mobilities u,
atlow temperatures (Dingle et al 1978). values of g ~ 211000 em” V's 'at 10 K having
been reported (Drummond er af 1981). The degenerate electron gas is quantised
(Stormer et al 1979, Tsui and Logan 1979) and at low temperatures transport is two-
dimensional. The 2D electron gas will be referred to as a 2peG. Our sample was grown
by liquid phase epitaxy into a multilayer structure with seven alternate layers of GaAs
and 8 of Ga; . Al As (x = 0.3), all ~3500 A thick. to form essentially 14 2006 layers in
parallel. The substrate was semi-insulating. Cr-doped GaAs. The sample was of four-
terminal Van der Pauw ‘clover lcaf’ geometry with indium contacts anncaled in an H;
atmosphere at 400°C. It was necessary to diffuse in the contacts to a sufticient depth to
ensure that all the 2pEG layers were electrically connected in parallel. All measurements
made were four-terminal. using fow-frequency AC. The magnetic field was reversed
during both Hall and magnetoresistance measurements and an average taken to cancel
out any unwanted offsct voltages. Following the usual Van der Pauw method, results
from all possible contact contigurations were averaged.
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We measured Shubnikov-de Haas osciltations in the resistance at magnetic fields up
to 15T, the differential of resistance showing additional structure above ~2.5T. The
measurements were repeated with the sample tilted at various angles 8 with respect to
the magnetic ticld direction as shown in figure 2. The oscillations and structure were
dependent only on the perpendicular component of the field showing that electron spin
splitting, which is independent of ticld direction, was not contributing. This dependence

Energy

GaAlAs GoAs

S

Figure 1. Schematic encrgy band diagram for a GaAs-GaAlAs interface showing the for-
mation of a two-dimensional electron gas (2DEG).

Distance _—3

further proves the 2D nature of the system and lcads us to attribute the structure to the
occupation of a second sub-band. Measurement of the oscillation amplitude with tem-
perature, below 2.5 T, gave an effective mass m* of 0.073 = 0.003 in agrecment with
Stormer er al (1979). Plotting the oscillation-periodicity against 1/B gave a straight line

r - S
8 (deg)
0
z
£
3
bl
2|
5 8
3
x
°
w St
2 B s ) 10 2 %
am

Figure 2. Shubnikov--de Haas osciflations in the differential of resistance are shown for three
angles of sample it # with respect to the magnetic icld direction. The osaillations are
dependent only on the perpendicular component of magncetic field indicating that two sub-
bands are accupied.
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relationship below ~2.5T, as shown in figure 3, corresponding to a vatue of Fermi
energy Er of ~14.5meV. A frequency analysis confirmed that two sub-bands were
occupied with energies ~26 meV (lower sub-band) and ~14.5 meV (upper sub-band)
as shown in the inset of figure 3. This corresponds to an electron concentration n of
8.8 x 10" cm™?and 4.9 x 10" cm " * for the lower and upper sub-band respectively using

.......... £, (26 meV)
o £ U -1 s
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Figure 3. The oscillation peak index from figure 2 (6 = 0°)is plotted against 1: B. The straight
line corresponds to a value of E¢ ~ 14.5meV, the deviation at hugh ficlds being due to the
lower electron mobility sub-band of energy - 26 meV. The peak index s similar to the
Landau level index with a phase change introduced due to the differentiation of the rewist-
ance. The inset shows a schematic energy diagram of the 2diG sub-bands belicved to be
contributing to the conductance.

our value of m = 0.073 my. The lower sub-band has a much lower electron mobility g,
than the upper sub-band, and thus it is not observed until B8 = 2 T and has a reduced
amplitude. The higher mobility in the sub-band is possibly a consequence of the form of
the wavefunction resulting in decreased scattering at the interface.

Measurement of the low-ficld Hall constant Ry initially gave a value of Y8; however,
after reanncaling the device contacts at a later stage Ry, fell to 63 with a corresponding
decrease in sheet resistance R. We concluded that initially only ninc of the 201G lavers
were contributing to the conductance and only after the further contact diffusion did all
14 layers contribute. All results presented assume nine 2DEG layers, with 2 independent
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sub-bands per layer whose contribution to the change in resistance AR/R is given by
AR _AR\R} + AR:Ri

= . 8
R = RRAR+ RY) ®
(AR = —R'Ac)

i.e. the two sub-bands conduct in parallel with each other. The subscripts 1 and 2 refer
to the lower and upper sub-bands respectively.
For the two-band Hail effect, Ry is given by

11+ ndn ()’

Ru= me (1 + (nynus ) ©)
and

1

E = meu; + nye. (10)

Combining equations (9) and (10) gives ; ~ 1800 cm’ Vs ™' and o ~ 14500 cm* Vs ™!
corresponding to values of kgl of ~6 and ~28 where lis the elastic scattering length.

The density of states, which has been assumed to be the same in both sub-bands is
3.4 x 10 e /cm” meV, and is lower than in the ground sub-band of (100 oricntated Si
(1.7 x 10" e “/cm* me V) because of the single valley degeneracy and the lower m* in
GaAs. This means that the inverse screening length Kis smaller, leading to values of the
screening factor F from equation (3) of 0.5 and 0.57 for the lower and upper sub-bunds
respectively; thus the Ao due to interactions will be significant (even at low magnetic
fields when gfB < kT) as predicted by equation (2). This is in contrast to the silicon
inversion layer where typically F = 0.9, and interaction effects are very small in the
absence of a magnetic field.

The remainder of this paper is mainly devoted to the locatisation and interaction
effects. In order to interpret the results we adopted the following procedure. the necess-
ary assumptions being justified later in the paper.

(i) The measured negative magnetoresistance was assumed to be due only to local-
isation in the higher-mobility upper sub-band. This led to values of a. p. iy and henee
the contribution to the total resistance change AR per decade of temperature T for this
sub-band was obtained.

(i1) The contribution to AR per decade of T from interactions in both sub-bands was
calculated using equation (2). This was experimentally obtained by measurement of the
change in Ry with T and using equation {6). The validity of this procedure is only correct
if Fukuyamas' prediction (equation (7)) is correct. The quantity gupf3 was much less
than & Tin our casc. and so the magnetic tield will not affect the interaction process.

(iii) The remaining contribution to AR per decade of T was assumed 1o be due to
localisation in the lower sub-band. The product ap was thus obtained for this band.

In figure 4 the sample resistance per 2DEG layer is plotted against the logarithm of
temperature, from I mK to 4.2 K and as a function of B. Fo. B = 0 a straight line
through the experimental points pives AR R ~ 6.6 per decade of temperature. Apph-
cation of a perpendicular magnetic ficld, <0.1 T, res ted in a negative magnetoresist-
ance arising from the quenching of the localisation contribution to AR, as shown in
figure 5. This effect is lost with ticld applied parallel Increasing B much above 02T
resulted in a positive magnetoresistance and then Shubnikov-de Haas oscillations as
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- Figure 4. The resistance per 2pEG layer is plotted against the log of the temperature as a
function of perpendicular magnetic field. The points for B = 0.1 T were extracted from the
extrapofated regions (dotted curve) of tigure §.

Landau levels were formed at ~0.5 T (just less than w.v ~ 1). Clearly. both sub-bands
will behave differently in 2 magnetic field since the diffusivity D is a factor of ~4 higher
for the upper sub-band; also, the inelastic scattering time iy will be greater owing to the
lower electron concentration. Thus, according to equation (5), the upper sub-band will

oner

{RiB)-RB=
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Figure 5. The chinge in resstance per 201G laver is plotted against magnetic ficld as a
function of temperature. The dotted lines are extrapolations to 8 = 0.1 T. The full curves
are theoretical plots for a = 0 82 using equation (S).
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show negative magnctoresistance, as its localisation is quenched. before the lower
sub-band. To simplify the analysis we have neglected the contribution from the lower
sub-band up to 0.1 T and assumed that at 0.1 T, where a deviation from equation (5) is
found, ali the upper sub-band localisation has been quenched. At higher fields Landau
levels are formed in the upper sub-band as Shubnikov-de Haas oscillations dominate
the conductivity, preventing the observation of the negative magnetoresistance contri-
bution from the lower sub-band. A value of ap ~ 1.0 for the upper sub-band was
obtained from the 8 = 0.1 T data points of figure 4 using cquations (1) and (8) with
AR, = 0. The full curves in figure 5 were obtained by fitting equation (§) with a = 0.82
although a temperature-dependent a »hove 2 K was evident, the reason for this being
unknown at present. This allows.values of 7y to be obtained for each temperature, these
being plotted in figure 6. A straight line through these points gives tiy = 7717, i.e. the
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Figure 6. The inelastic scattering time is plotted against the log of the temperature., the values
having been extracted from the theoretical curves of figure 5. A straight fine through the
points gives ty & T™'2

constant p ~ 1.2 and ap ~ 1.0. This is in agreement with the results of Uren et al (1981),
who also found that quantum corrections towered the power of temperature from the
Landau-Baber value of 2. Our value of ap is the same as that obtained from figure 4
(B = 0.1 T). showing that the approximation AR, = (0 is reasonable.

The Hall constant Ry was measured via the integration of dV/d B as a function of B
and 7. At a constant temperature Ry was found to be constant over the range 0.02 to
0.10 T (the maximum fictd measured) to within the accuracy of measurement of 0.5,
aswould be expected from Fukuyama's prediction (equation (7). Thisof course assumes
that Ag,, due to interactions is constant over this range, which should be the case since
gPhB is always less than kT (g = (.52 for GaAs: Ando and Uemura 1974). Below 0.02 T,
structure (illustrated in tigure 7) in Ry was seen which was strongly temperature depen-
dent, being zero at 4.2 K and increasing 10 as much as a 157 change in Ry at 340 mK.
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The origin of this effect is unknown. although since it persisted with magnetic ficld
parallel it possibly arises from an electron spin or a 3D contact effect. Slmlldl' structure
was observed in a sccond sample investigated.

Because of the structure the temperature dependence of Ry was measured in the
regime where the structure was not apparent. Ry was found to increase with decreasing
temperature and is plotted as ARy/Ry in figure 8 along with AR/R (B = 0) and the
calculated change in resistance AR™/R due to interactions only. All the plots are
normalised to T = 4.2 K; a value of AR™/R of 1.9% per decade of temperature was
obtained from equations (2) and (8) using our calculated values of Fof 0.57 and 0.5. 1t

¥ T=13K

[

2 o

z

2

: |

L]

]

=2

X

> F
1 i ] L
002 004 006

sm

Figure 7. A typical chart recording of the differential Hall voltage against magnetic field
illustrating structure below 0.02 T.

can be seen that ARy/Ry is approximately 2 AR™/R as predicted by equation (6a). The
product ap ~ 1.0 obtained from the negative magnetoresistance similarly gives the
change in resistance contribution of 2.2 per decade of temperature for localisation,

from the upper sub-band AR,/R. from equation (1). The total change in resistance,
(AR/R) (B = 0) = 6.6 per decade of temperature. should be equal to the sum of
AR™/R and AR/ R where the contribution from both sub-bandsis included. This meins
that a factor of ~2.5% per decade of temperature should be due to localisation in the
fower sub-band corresponding to ap ~ 1. 15 obtained from equations (1) and (8). Thus,
within the approximation made. ap is similar for both sub-bands.

The differential device output voltage dV. df was measured as a function of constant
current, and hence the average clectric field £, at a lattice temperature of 340 mK.
Increasing E eventually heats the electrons above the lattice temperature, leading to a
decreasc in resistance as the logarithmic component is reduced. The electron tempera-
ture T, can be extracted by comparison of the change in resistance with the plot of
AR/R against T (at B = 0) from figure 2. T is found to be proportional to £'°, as shown

PO

-flis.
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in figure 9, indicating that the electrons couple to 2D phonons (Anderson et al 1979). It
should be noted that all previous measurements were made within the ohmic region of
electric field (E < 0.4V m ).

We ncglect any significant modification to our measurements due to conduction in
the GaAlAs impurity band for the following reasons.

(i) The donor ion concentration ny of 10" cm™ is the same as that required at the
(Mott) metal-insulator transition using the equation for a 3D system

(e/m*)agny* ~ 173 an
: ARIR * .
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Figure 8. The percentage change in the Hall constant (measured in the region where it is
independent of magnetic field) and the theoretical change in resistance due to interactions
only are plotted against the log of the temperature. The total change n resistance extracted
from figure 4 for B = 0 s also included for comparison: this is plotted in the form of dots.

7/
where gy is the Bohr radius of the hydrogen atom (0.529 A), & = 12.2 and m* = 0.092
for x = 0.2 GaAlAs (Casey and Panish 1978). Thus a metallic impurity band may not
have formed. Our previous measurements on a sample of bulk GaAlAs
(n4 = 10" cm ™) have confirmed that conduction is activated.
(ii) A large fraction of the GaAlAs wiil be depleted by the adjacent 2prG layers,
further reducing the number of electrons.

In conclusion, we have observed localisation and interaction ¢ffects in GaAs which
agree with current theories, although precise analysis of our results is complicated by
the occupation of two sub-bands.
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Figure 9. The log of electron temperature T is plotted against the log of the electric ficld £

for a lattice temperature of 0.34 K. The straight line shows that 73 x E.
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